Abstract. The Critical Depth Hypothesis formalized by Sverdrup in 1953 posits that vernal phytoplankton blooms occur when surface mixing shoals to a depth shallower than a critical depth horizon defining the point where phytoplankton growth exceeds losses. This hypothesis has since served as a cornerstone in plankton ecology and reflects the very common assumption that blooms are caused by enhanced growth rates in response to improved light, temperature, and stratification conditions, not simply correlated with them. Here, a nine-year satellite record of phytoplankton biomass in the subarctic Atlantic is used to reevaluate seasonal plankton dynamics. Results show that (1) bloom initiation occurs in the winter when mixed layer depths are maximum, not in the spring, (2) coupling between phytoplankton growth (l) and losses increases during spring stratification, rather than decreases, (3) maxima in net population growth rates (r) are as likely to occur in midwinter as in spring, and (4) r is generally inversely related to l. These results are incompatible with the Critical Depth Hypothesis as a functional framework for understanding bloom dynamics. In its place, a ''Dilution-Recoupling Hypothesis'' is described that focuses on the balance between phytoplankton growth and grazing, and the seasonally varying physical processes influencing this balance. This revised view derives from fundamental concepts applied during field dilution experiments, builds upon earlier modeling results, and is compatible with observed phytoplankton blooms in the absence of spring mixed layer shoaling.
INTRODUCTION
The vernal, or spring, bloom is a renowned feature of many seasonal seas in the global ocean. Perhaps most famous of all is the annual greening event, clearly detectable from space ( Fig. 1A) , that occurs at middle and high latitudes of the North Atlantic. The physicalbiological interactions responsible for this phenomenon have been studied since the 19th century (Banse 1992) and this interest continues unabated today. The emergence of plankton-rich waters in spring and early summer from the clear waters of winter, when light is low and storms frequent, naturally leads to the conclusion that the North Atlantic bloom is a consequence of improved upper ocean growth conditions in the spring that stimulate phytoplankton growth (analogous to spring growth of terrestrial vegetation in temperate ecosystems, where increased cell division drives biomass accumulation). This relationship between growth conditions and phytoplankton biomass was encapsulated in 1935 by Gran and Braarud in the concept of a ''critical depth,'' which was later formalized by Sverdrup (1953) into the familiar ''Critical Depth Hypothesis. '' The fundamental tenet of the critical depth concept is that there exists, for any given date and location in the ocean, a surface mixing depth at which phytoplankton growth is precisely matched by losses of phytoplankton biomass within this depth interval. In Sverdrup's hypothesis, the vernal bloom is initiated when the surface mixed layer shoals to a depth less than the critical depth, allowing the bulk phytoplankton specific growth rate (l) to exceed the bulk specific loss rate (l ) such that net population growth (r) is possible:
Importantly, Sverdrup assumed that l was a constant over time and thus independent of l. Accordingly, he envisioned the vernal bloom as resulting from, not simply being correlated with, an increase in phytoplankton growth rates. This view remains prevalent today, but will be challenged herein. While often misinterpreted, Sverdrup's loss rate included sinking export, predator consumption (i.e., grazing), and respiration by the phytoplankton themselves, despite his use of the term ''respiration'' for l (Smetacek and Passow 1990) . In more contemporary treatments (e.g., Crumpton and Wetzel 1982 , Evans and Parslow 1985 , Platt et al. 1991 , Banse 1994 , it is common practice to separate l into its component terms, such as where g is mortality due to grazing, s is losses due to sinking, p is losses due to viral infection and parasitism, and f includes physical flushing losses, including dilution by vertical mixing (Crumpton and Wetzel 1982, Banse 1994 ). Sverdrup evaluated the Critical Depth Hypothesis by comparing temporal changes in phytoplankton abundance observed in 1949 at Weather Ship ''M'' (668 N, 28 E) to coincident changes in mixing depth relative to the critical depth horizon. He concluded that the observations were consistent with the hypothesis, but not without some astute (and often overlooked) caveats. First, Sverdrup noted that the ''bloom'' in phytoplankton biomass observed two days after ''the depth of the mixed layer was for the first time smaller than the critical depth'' (Sverdrup 1953:249) likely reflected the advection of high biomass waters into the Weather Ship ''M'' site, rather than rapid growth of the local phytoplankton population in response to the changed relationship between mixing depth and critical depth. He also recognized that, in the presence of grazers, the ''phytoplankton population may remain small in spite of heavy production''; in other words, bloom formation is critically dependent on the relationship between phytoplankton growth and grazing. Finally and importantly, Sverdrup noted that, even in his spring 1949 data set, the first increase in phytoplankton biomass occurred prior to vertical stratification of the upper water column. With these issues in mind, Sverdrup concluded his classic paper with the following statement: ''It is, therefore, not advisable to place too great emphasis on the agreement between theory and [the Weather Ship ''M''] observations.'' For over five decades, the Critical Depth Hypothesis has repeatedly reemerged in discussions of phytoplankton bloom dynamics and found its way into oceanographic and limnological textbooks. Nevertheless, criticisms have been raised (e.g., Smetacek and Passow 1990, Backhaus et al. 2003) , with one reoccurring issue being the observation of significant spring phytoplankton blooms in the apparent absence of water column stratification (Heimdal 1974 , Schei 1974 , Townsend et al. 1992 , Ellertsen 1993 , Backhaus et al. 1999 , Dale et al. 1999 , Ko¨rtzinger et al. 2008 . Here, I take a fresh look at seasonal phytoplankton cycles in the North Atlantic by using a synoptic tool unavailable to Sverdrup in 1953: satellite observations. With these data, it is clear that the Critical Depth Hypothesis is an inadequate framework for understanding vernal blooms. As a potential replacement, a ''Dilution-Recoupling Hypothesis'' is proposed that focuses on annual cycles in physical processes that alter the delicate balance between phytoplankton growth and losses.
THE NORTH ATLANTIC FROM SPACE
Seasonal cycles in North Atlantic phytoplankton were investigated using eight-day resolution remote sensing data from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) for the period January 1998 to December 2006. SeaWiFS-derived water leaving radiances emanate from the upper first optical depth of the water column (i.e., depth to which 10% of surface irradiance penetrates), thus phytoplankton features deeper in the water column are not detected. However, uniformity of phytoplankton properties within an active mixing layer implies that SeaWiFS products are generally representative of this layer, even during the deep winter mixing of the North Atlantic (Townsend et al. 1992 , Ward and Waniek 2007 ; note, during midwinter, vertical velocities from convective mixing are still sufficient for mixed layer transit times of a few days or less [Backhaus et al. 2003 , D'Asaro 2008 ).
For the current study, satellite products used as indices of phytoplankton abundance were surface chlorophyll concentration (Chl sat , mg/m 3 ; Fig. 1A ) and phytoplankton carbon concentration (C phyt , mg/m 3 ). Chl sat values were from the NASA standard OC4-V4 algorithm (the most familiar product to SeaWiFS users). For comparison, OC4-V4 Chl sat estimates are, on average, 29% higher than those from the GarverSiegel-Maritorena (GSM) semi-analytical algorithm (Garver and Siegel 1997 , Maritorena et al. 2002 , Siegel et al. 2002b . Despite this bias, the two algorithms yield temporal patterns that are highly correlated (r ¼ 0.97), so conclusions drawn here regarding phytoplankton seasonal cycles are insensitive to this choice of Chl sat product. Phytoplankton carbon concentrations were derived from GSM particulate backscattering coefficients (b bp ) following Behrenfeld et al. (2005) .
The weakness of using Chl sat as an index of phytoplankton standing stock is that chlorophyll is also influenced by light-and nutrient-driven changes in intracellular pigment levels. The weakness of C phyt is that it is derived from a scattering property that is not uniquely algal, so its relation to phytoplankton biomass is influenced by the stability of the particle size distribution. However, C phyt is insensitive to physiological variability and appears to track phytoplankton biomass in the few studies conducted to date (Behrenfeld and Boss 2003 , Huot et al. 2007 , Westberry et al. 2008 , Dall'Olmo et al. 2009 ).
North Atlantic phytoplankton seasonal cycles were evaluated for 12 58 latitude 3 108 longitude bins in the central open ocean basin and away from continental margins (Fig. 1A) . The bins are roughly a factor of four larger than the high-latitude bins used by Banse and English (1994) and were chosen to minimize the influence of advection between eight-day periods, while maintaining a sense of spatial variability in phytoplankton seasonal properties. The lowest latitude bins (NA-1-NA-3) lie between 408 N and 458 N (Fig. 1A) and correspond to the ''transitional region'' discussed by Henson et al. (2008) . For additional orientation, the 1989 North Atlantic Bloom Experiment (NABE) was located near the center of bin NA-4 (white star in Fig. 1A ) and the recent North Atlantic Bloom (NAB) study (March-June 2008) coincides with the eastern edge of bin NA-12 (pink star in Fig. 1A ). For the northernmost bins (NA-7-NA-12), satellite data were unavailable for a few weeks each year during midwinter. For all remaining times and locations, bin values represent means for all observations within a given eight-day period, averaging .1200 cloud-free pixels per period (maximum potential ¼ 1800 pixels). Less than 4% of the bin values were derived from ,200 cloud-free pixels. Within-bin standard deviations for each eight-day mean value are shown for C phyt in Fig. 1B . Throughout the SeaWiFS record, regular Chl sat and C phyt seasonal cycles of variable amplitude (Henson et al. 2008 ) are found for each bin ( Fig. 1B ; see also the Appendix: Fig. A1 ) and increase progressively to the north to reach values of Chl sat ¼ 1.18 6 0.32 mg/m 3 and C phyt ¼ 81.9 6 45.1 mg/m 3 in bins NA-10, NA-11, and NA-12. Timing of these seasonal peaks also changes with latitude, occurring roughly two weeks later with every 58 increase in latitude (Siegel et al. 2002a , Henson et al. 2008 . Annual minima in Chl sat and C phyt are typically observed in January ( . The strong correspondence between Chl sat and C phyt reflects the large dynamic range in phytoplankton biomass in the North Atlantic overwhelming coincident physiological processes acting to distinguish these two properties. Accordingly, the same overall conclusions emerge regarding the North Atlantic bloom whether phytoplankton abundance is assessed using Chl sat or C phyt . For clarity, I have, therefore, restricted the remaining discussion and figures to seasonal cycles in C phyt , but provide illustrations of seasonal Chl sat cycles for each bin in the Appendix.
In Fig. 1C , the nine-year record of C phyt for NA-5 (red box in Fig. 1A ) is compared to coincident changes in mixed layer depth (MLD) and SeaWiFS cloudinesscorrected incident photosynthetically active radiation (PAR: 400-700 nm). Here, MLD values are from the Fleet Numerical Meteorology and Oceanography Center (FNMOC) model (Clancy and Sadler 1992) and the Simple Ocean Data Assimilation (SODA) model (available online).
2 Both are tuned to available in situ data (i.e., they are ''data-assimilating models''). Perhaps the most striking features of Fig. 1C are that (1) winter through spring changes in phytoplankton biomass are highly correlated with changes in PAR, and (2) the largest changes in C phyt coincide with spring MLD shoaling. Similar relationships are found for all 12 bins and may at first appear to confirm the Critical Depth Hypothesis, but in fact they do not. The key problem is that correlation between phytoplankton standing stock (C phyt ), PAR, and MLD shoaling does not imply that a similar relationship exists for net growth rates (r). This is a crucial point because Sverdrup's Critical Depth Hypothesis is a statement that ''shoaling of the mixed layer above the critical depth horizon initiates a spring bloom because it demarcates the first time when r becomes positive.'' To test this notion, one must therefore evaluate seasonal cycles in r. As demonstrated in the following sections, such an analysis tells a very different story about the North Atlantic bloom than that implied by Fig. 1C .
ABANDONING SVERDRUP
The net specific growth rate of a phytoplankton population can be calculated from two measures of biomass (C 0 , C 1 ) separated by a period of time (Dt ¼ t 1 À t 0 ) following
so long as the phytoplankton suspension is not being diluted by phytoplankton-free media over the period, Dt. Eq. 3 implies that temporal changes in r can be visualized by plotting phytoplankton biomass on a logarithmic scale against time. In Fig. 2A , the C phyt record is plotted on a logarithmic scale for bin NA-5 (red box in Fig. 1A ). From this plot, it is immediately apparent that C phyt begins to increase in the middle of winter, not in the spring. (Vertical dashed lines in Fig.  2A indicate 1 January.) Moreover, the rate of increase (i.e., the slope of log(C phyt ) vs. time) is highly constrained throughout the winter-through-spring period in most cases ( Fig. 2A) .
In Fig. 2B -F, mean seasonal cycles in C phyt (black symbols) for bins NA-2, NA-5, NA-8, NA-11, and NA-12 are compared to coincident changes in MLD (solid black line; note that these five bins correspond to the heavy black box in Fig. 1A ). These five plots illustrate latitudinal similarities and differences in mean annual phytoplankton cycles. In each case, C phyt is already increasing when MLDs are at their maximum. Similar results are found for all 12 bins for both C phyt and Chl sat (Appendix: Fig. A2 ). Indeed, in 104 out of the total 108 annual cycles available for the 12 bins, the onset of net positive growth in C phyt is found to coincide with the cessation of mixed layer deepening. In no case is positive net growth delayed until significant shoaling of the mixed layer occurs. Furthermore, alternative sources of MLD estimates all yield consistent relationships between C phyt and MLD (gray symbols and standard error bars in Fig. 2B -F; see figure legend for details).
The satellite record clearly indicates that North Atlantic bloom initiation is not a springtime event, but rather occurs in midwinter, at the latest. This finding strongly refutes the Critical Depth Hypothesis, but raises the new question: ''Why does cessation of mixed layer deepening initiate a net increase in phytoplankton concentration?'' To answer to this question, it is important to recognize (as alluded to previously) that net phytoplankton specific growth rates are not accurately reflected by changes in carbon concentration when a population is being diluted. A quintessential example of this issue is a chemostat culture, where growth rate is equivalent to dilution rate and independent of biomass (which is held constant). As explained by Evans and Parslow (1985) , dilution effects must be considered in the North Atlantic when mixed layer deepening entrains phytoplankton-free water from below. If this dilution effect is sufficiently large, it is possible for phytoplankton concentration to decrease (e.g., in late autumn and early winter) despite net in situ population growth. To achieve a more complete understanding of North Atlantic seasonal phytoplankton cycles, it is therefore necessary to first account for dilution effects and then evaluate variability in r directly (as opposed to simply viewing log-transformed plots of C phyt ). To conduct such an analysis using satellite data, Eq. 3 can be used to estimate r from changes in C phyt during periods of mixed layer shoaling and when mixed layer deepening entrains significant phytoplankton biomass from below. During periods when mixing entrains relatively phytoplankton-free water, r must instead be estimated from changes in mixed layer integrated phytoplankton biomass (R C phyt ¼ C phyt 3 MLD; expressed as mg C/m 2 ), which accounts for dilution of the population over a larger volume.
For the current study, r was estimated from R C phyt whenever MLD exceeded the euphotic depth (Z eu ¼ depth to which 1% of surface irradiance penetrates). This criterion was chosen because global field data sets (e.g., Behrenfeld and Falkowski 1997) show phytoplankton biomass throughout the euphotic zone when MLD , Z eu , while chlorophyll profiles in the North Atlantic indicate sharp decreases below the mixed layer during periods of deep mixing when MLD . Z eu (Ward and Waniek 2007) . Thus, r was calculated from eightday resolution satellite data for each North Atlantic bin following
if MLD is deepening and . Z eu ð4aÞ
where C phyt-0 and R C phyt-0 are initial biomass levels and C phyt-1 and R C phyt-1 are biomass levels after the time interval, Dt ¼ eight days. As a noteworthy aside, Eq. 4a provides an accurate assessment of r if mixed layer deepening entrains phytoplankton-free water from depth and dilution is complete (which seems a reasonable assumption given mixed layer transit times of a few days or less; Backhaus et al. 2003 , D'Asaro 2008 . Eq. 4b, on the other hand, would provide an accurate estimate of r if the deep water entrained by mixing had a phytoplankton concentration equivalent to the initial surface population. Thus, the true value of r is bounded by Eqs. 4a and 4b if entrained deep water is not entirely devoid of phytoplankton. This uncertainty influences the confidence that can be assigned to retrieved values of r for any given eight-day period, but has little impact on the overall pattern in r across the mixed layer deepening period where MLDs increase by hundreds of meters and the clear water assumption for deep water is a reasonable approximation (Ward and Waniek 2007) . In Fig. 3 , the nine-year record of r based on Eqs. 4a and 4b is shown for bin . Fig. 3 also shows net specific rates of change in biomass based on C phyt alone (r 0 ¼ black symbols). In other words, r 0 represents the net specific growth rates that would result if dilution effects of mixed layer deepening were ignored and Eq. 4b was applied to all the data in Fig. 2A . This comparison illustrates a few important points. First, seasonal cycles and variability in r and r 0 are highly correlated (r ¼ 0.90), indicating that overall patterns and variability across the nine-year record are robust to the approach for calculating r. Second, the dilution correction (Eq. 4a) is generally modest and only impacts r during a short period of late autumn and early winter (upper panel of Fig. 3) , implying that the uncertainties in deep water phytoplankton concentrations described above do not compromise basic findings described herein. Finally, the primary influence of the dilution correction is that it advances the period of positive net population growth to slightly earlier in the year, but initiation of this positive growth phase is found in midwinter whether based on r or r 0 . Again, this conclusion is illustrated in Fig. 2 by the increases in C phyt observed from January onward.
In Fig. 4A , the nine-year record of r for bin NA-5 (same data as in Fig. 3 , open symbols) is plotted along with coincident changes in PAR (gray line, lower right axis) and MLD (black line, upper right axis; note that values increase upward). Here we see that during each seasonal cycle r is negative over most of the summer and early autumn, then increases in parallel with increasing MLD and decreasing PAR to become positive by late autumn (horizontal dashed line indicates r ¼ 0), and thereafter remains positive until early summer (Fig. 4A) . For all eight complete seasonal cycles at NA-5, this positive growth phase begins while PAR is decreasing and, on average, precedes the post-solstice increase in PAR by 45 days (range 16-80 days). Clearly, the   FIG. 3 . Nine-year record of phytoplankton net specific growth rate (r; open symbols) for bin NA-5. Also shown are net growth rates that would result if dilution effects of mixed layer deepening were not accounted for (r 0 , solid symbols). This r 0 is equivalent to applying Eq. 4b to all the data in Fig. 2A . A three-bin running boxcar averaging has been applied to dampen high frequency variability. Upper panel: dots indicate where Eqs. 4a and 4b were applied for calculating r for each eight-day period.
positive net growth phase is not initiated by increasing PAR or mixed layer shoaling. The NA-5 record also illustrates the high temporal variability in r and shows that the peak in r is not consistently found in spring. For example, a spring peak in r is found during 2005-2006, but the peak during 2000-2001 and 2002-2003 occurs during midwinter and prior to the MLD shoaling (Fig.  4A) . During some years, there is no clear peak in r throughout the positive growth phase (e.g., 1999-2000) , while in other years similar magnitude peaks in r are found in midwinter and spring (e.g., 1998-1999 and 2001-2002; Fig. 4A ). Similar variability is found for the other North Atlantic bins, but the overall pattern that emerges is consistent: the spring maximum in phytoplankton concentration represents the culmination of a positive population growth phase that begins during late autumn/winter. This positive growth phase is initiated during mixed layer deepening and is first expressed as an increase in C phyt (and Chl sat ) when deep-water entrainment into the mixed layer stops (i.e., dilution; Fig. 2 ; Appendix: Fig. A2 ).
In Fig. 4B , the mean annual cycle for r at NA-5 is shown (open symbols), along with mean values for MLD and Z eu (note that in this figure the x-axis begins with July and MLD increases downward on the right axis). Here we see that the positive growth phase (December to June) begins roughly when the mixed layer penetrates below the euphotic layer (i.e., MLD . Z eu ; Fig. 3B ). This correspondence is also found in the other bins with complete satellite coverage over the annual cycle and does not simply reflect the criteria described above for estimating r, as it is also found if r is estimated from R C phyt whenever MLD is increasing (i.e., if the MLD . Z eu criteria is dropped in Eq. 4a). Another characteristic of the mean annual cycles in r is a slight midwinter depression (e.g., January through March in Fig. 4B ), which becomes more prominent at higher latitudes and gives the positive growth phase a ''dual peaked'' appearance (Fig. 4B) . The mean annual cycle also shows the small and brief positive growth period associated with the September-October ''fall bloom'' (Fig. 4B) .
With the satellite record of net population growth rates in the North Atlantic (Fig. 4A, B) , we can now dismiss the Critical Depth Hypothesis as a valid explanation for bloom initiation. To better understand how a positive growth phase can persist during winter when PAR is low and MLDs are maximal, it is instructive to compare absolute values of r with coincident variations in phytoplankton specific growth rates (l). To estimate l, net primary production (NPP) was calculated from satellite Chl sat data using three approaches: (1) the standard parameterization of the Vertically Generalized Production Model (VGPM; Behrenfeld and Falkowski 1997), (2) the VGPM with an exponential function describing chlorophyll-specific light-saturated photosynthesis (P b opt ) following Morel (1991) , and (3) the VGPM with a regionally tuned estimate of P b opt . The first two of these approaches are described in Campbell et al. (2002) and were found in the round-robin algorithm testing study of Carr et al. (2006) to be representative of the two major categories of satellite NPP estimates. In the third approach, phytoplankton Chl:C ratios were described as a function of mixed layer light level following Behrenfeld et al. (2005) and P b opt described as an inverse function of Chl:C ratio and tuned to give values consistent with measured P b opt during the North Atlantic Bloom Experiment (available online).
3 All three models give NPP estimates per square meter, which were then divided by active phytoplankton biomass (i.e., integrated carbon from the surface to the greater of Z eu and MLD) to estimate l.
In Fig. 4C , seasonal cycles in l are shown for NA-5. Despite differing magnitudes, all three models give similar seasonal cycles because changes in NPP (thus l) are dominated by changes in Chl sat and PAR. Also shown in Fig. 4C and plotted on the right hand axis is the seasonal cycle in r from Fig. 4B (open symbols) . This comparison illustrates the general inverse relationship between l and r and strongly implies that the positive growth phase leading to the spring peak in phytoplankton biomass is less a consequence of springtime increases in l as it is a reflection of seasonal changes in loss rates (l ). In other words, the only way for r to increase while l is decreasing is for the fraction of l escaping losses to increases as l decreases. To clearly understand this finding, it is important to recognize in Fig. 4C the very different scales for l (left axis) and r (right axis). If instead both properties were plotted on the left axis, the full seasonal cycle in r would fall within the hatched box at the bottom of the figure. This comparison illustrates why the positive growth phase can persist throughout the winter: r is so small that it requires very little NPP to support it (Fig. 4C) . Indeed, the mean value of r from mid-December to mid-April at NA-5 is only 0.018/d, corresponding to a population doubling time of more than a month. Again, the essential requirement to achieve comparable values of r from winter through spring (Fig. 4B) is that phytoplankton loss rates (l ) must covary closely with l, and herein lies the crucial flaw in the Critical Depth Hypothesis: Sverdrup assumed l to be constant over time.
THE DILUTION-RECOUPLING HYPOTHESIS
The annual North Atlantic phytoplankton bloom is the consequence of a decoupling between phytoplankton growth and losses (Eqs. 1, 2) and it terminates with either the exhaustion of surface nutrients or overgrazing by heterotrophs (Banse 1992 (Banse , 2002 . The key question is whether this decoupling is due to increased phytoplankton growth rates or decreased losses (Eq. 1). As described above, the positive net growth phase of the annual cycle leading to the late spring climax in biomass starts in late winter (Fig. 4) , which dismisses the Critical Depth Hypothesis as a valid explanation for bloom initiation. Onset of the positive phase also coincides with decreasing incident irradiance and, in general, r is found to be inversely related to PAR, NPP, and l. These observations deemphasize the importance of the spring stimulation in phytoplankton photosynthesis and growth, and emphasize the importance of seasonal perturbations in the loss terms for phytoplankton biomass (Banse 1992) . In this section, I propose a Dilution-Recoupling Hypothesis for the North Atlantic bloom that focuses on physical processes impacting phytoplankton growth-loss relationships, incorporates seasonal changes in l, and builds upon the earlier work of Evans and Parslow (1985) , Banse (1992 Banse ( , 2002 , and Marra and Barber (2005) . While the hypothesis provides a framework for understanding the North Atlantic seasonal phytoplankton cycle and is consistent with the satellite observations (Figs. 2-4) , it is only a hypothesis and other interpretations and complexities should be considered in the future. It is also important to recognize that satellite data provide limited information for distinguishing different loss terms for phytoplankton biomass. Thus, in the words of Sverdrup, ''It is not advisable to place too great emphasis on the agreement between theory and observation.'' Eq. 2 captures the primary loss terms influencing r. Of these, the ''flushing'' term ( f ) can be dismissed as a significant factor influencing retrieved values of r because the large bin sizes used in the current analysis minimize the horizontal advection effects between any two eight-day sampling periods and the impact of dilution from mixed layer deepening has been accounted for in calculations of r. Seasonal changes in sinking losses (s), on the other hand, can contribute to the annual phytoplankton cycle. During mixed layer deepening, vertically exported phytoplankton can be entrained back into the surface layer (Ward and Waniek 2007) . Seasonal changes in taxonomy also occur, with smaller, slow sinking (often flagellated) species dominating during winter and more rapidly sinking diatoms becoming prevalent later in the bloom (Halldal 1953 , Paasche 1960 , Ramsfjell 1960 , Paasche and Rom 1962 , Parsons and Lalli 1988 , Dale et al. 1999 , Backhaus et al. 2003 , Ward and Waniek 2007 . Aggregate formation can also significantly increase s during later stages of the bloom, as coagulation increases as a squared function of particle concentration, and may even set a limit to maximum achievable bloom concentrations (Jackson 2005) . Much less is known about seasonal changes in viral infection and parasitism in the North Atlantic. However, while many factors clearly contribute to phytoplankton losses, grazing (g) is by far the dominant term at most times (e.g., Steemann Nielsen 1957, Banse 1992, Banse and English 1994) and, importantly, g can respond rapidly to changes in phytoplankton biomass and l. Accordingly, the Dilution-Recoupling Hypothesis focuses on phytoplankton-grazer interactions and physical processes perturbing the balance between l and g. To begin, a brief digression is helpful regarding effects of dilution.
In planktonic ecosystems, the impact of dilution on predator-prey interactions is commonly exploited for assessing phytoplankton specific growth rates (l). The technique is referred to as a ''dilution experiment'' (Landry and Hassett 1982 , Landry 1993 , Landry et al. 1995 . A dilution experiment is conducted by dispensing different ratios of whole and filtered seawater into vessels of equal size, measuring initial concentrations of chlorophyll, incubating the samples for some time period, and then assessing final chlorophyll concentrations at the end of the incubation (Landry and Hassett 1982, Landry et al. 1995) . Phytoplankton net specific growth rates (r) are then calculated (Eq. 3) for each treatment and plotted against dilution ratio. The resultant relationship typically shows r increasing linearly with dilution (e.g., Landry et al. 1995) , although other nonlinear relationships are possible (Evans and Paranjape 1992) . Extrapolation of this relationship to the intercept provides the estimate of l. The dilution experiment works because addition of filtered seawater to whole seawater decreases l by diluting predators and prey (i.e., changes predator-prey encounter rates), but ideally does not alter l (Landry and Hassett 1982) . Importantly, relatively short incubations (;1 day) are employed to prevent predator and prey population growth from negating the impact of the dilution procedure. In other words, the dilution effect is transient. To sustain this effect over a much longer period, new filtered seawater would need to be added at a rate comparable to population growth rates (thus maintaining constant predator-prey interactions). The relevance of this small volume experimental technique to plankton dynamics of the subarctic North Atlantic basin is that it provides a tangible example of a simple process altering the balance between l and l that occurs naturally over vast areas during mixed layer deepening.
The underlying concept of the Dilution-Recoupling Hypothesis is that the complex heterotrophic food web of planktonic ecosystems allows a constant tight coupling (rapid response time) between phytoplankton growth and losses, but seasonal mixed layer deepening has the potential to slightly decouple l and g by impacting predator-prey interactions through dilution of both phytoplankton and grazers (as in a dilution experiment). A strong tendency for g to balance l implies that this decoupling effect will only be maintained through continued dilution. Thus, cessation of mixed layer deepening should advocate a strengthening in predator-prey coupling. As described in the modeling study of Evans and Parslow (1985) , this recoupling can be further enhanced by mixed layer shoaling, which both severs nonmobile phytoplankton at depth from the photic zone (Backhaus et al. 2003) and concentrates the mobile grazing community into a shrinking ''photosynthetically active'' volume (i.e., the surface mixed layer or euphotic zone). The following paragraph applies these basic concepts to narrate one potential interpretation of the repeated seasonal cycles in r resolved from the SeaWiFS data and illustrated in Fig. 4 .
Starting in late spring, surface nutrient depletion or overgrazing terminates the annual North Atlantic bloom (Banse 1992 (Banse , 2002 . From this point through the remaining stratified summer months, losses (grazing, sinking, others) exceed l, with biomass decreasing roughly exponentially (Fig. 2) at a specific rate between r ¼ 0 and r ¼À0.01 per day (Fig. 4) . In late summer and early autumn, the mixed layer begins to penetrate deeper reaches of the euphotic zone, entraining nutrients as well as phytoplankton and grazers from below. During this period, the ''dilution effect'' is minimal (i.e., predatorprey encounter rates are not strongly altered) and only minor changes in r are observed (Fig. 4B , SeptemberOctober) that largely reflect nutrient-driven changes in l. Eventually, however, mixed layer deepening begins to entrain relatively plankton-free water from below. This event roughly coincides with MLD . Z eu (Fig. 4B , November-December) and, according to the scenario described above, perturbs the balance between l and g (as in a dilution experiment) and initiates the positive net growth phase and the annual North Atlantic bloom (Fig. 4B) . The start of this positive r phase corresponds to an increase in areal biomass (R C phyt ) but not necessarily phytoplankton concentration (C phyt ; m À3 ) because gains in biomass are being distributed over a growing volume of water (i.e., MLD is still increasing).
Once the mixed layer stops deepening, though, the positive population growth rate becomes apparent in C phyt , resulting in the observed coincidence between initial increases in C phyt and cessation of mixed layer deepening (Fig. 2) . From this point forward to the end of bloom, grazing pressure increases (because decoupling by dilution has ended) but is countered by lightdriven increases in l, allowing r to remain high (even increase) well into the spring (Fig. 4) . Importantly, this scenario does not require stratification for a bloom to occur (Evans and Parslow 1985) , only cessation of mixed layer deepening, making this new view compatible with observations of bloom development in the absence of shoaling (Heimdal 1974 , Schei 1974 , Townsend et al. 1992 , Eilertsen 1993 , Backhaus et al. 1999 , Dale et al. 1999 . Nevertheless, stratification does have two significant impacts on the North Atlantic bloom under the Dilution-Recoupling Hypothesis: it accelerates the spring increase in grazing pressure within the mixed layer by concentrating mobile heterotrophs (Evans and Parslow 1985) , while simultaneously increasing l through improvements in median mixed layer light levels (Reynolds 2006) . Thus, springtime increases in l retain an important role by prolonging the positive growth phase despite stratification-driven increases in g, as well as biomass-driven increases in s (Jackson 2005) .
The Dilution-Recoupling Hypothesis narrated above largely focuses on only two terms in Eq. 2: l and g. Despite this shortcoming, it does appear to account for fundamental features in the seasonal cycle in r and it also provides a useful context for interpreting additional features of the satellite data. For example, as an extension of field dilution experiments, the DilutionRecoupling Hypothesis assumes that predator-prey decoupling from mixed layer deepening results from changes in predator and prey concentrations, not from changes in l. Accordingly, when r is expressed as a fraction of l using data in Fig. 4C (i.e., r/l), this fraction is found to increase and decrease in parallel with MLD deepening and shoaling (r ¼ 0.91, data not shown), without the midwinter depression observed in r (Fig.  4B, C) . The same result is found for all 12 bins (mean r ¼ 0.87). Thus the typical ''dual peaked'' appearance in mean seasonal cycles of r (Fig. 4B, C) can be interpreted as reflecting changes in the balance between mixed layer effects on l and light-driven effects on l. Similarly, latitudinal changes in this balance resulting from different seasonal cycles in MLD and incident light can be related to the more pronounced midwinter depressions in r noted earlier for higher latitude bins. Finally, comparison of satellite-derived r and l for the 12 bins consistently indicates that the decoupling of l and l from mixed layer deepening is roughly twice as large as the recoupling effect from an equivalent shoaling of the mixed layer. This finding is consistent with the ''asymmetric effect'' envisioned by Evans and Parslow (1985) to result from mixed layer deepening diluting both predators and prey, while mixed layer shoaling primarily concentrates predators alone.
CONCLUSION
The North Atlantic phytoplankton bloom is among the most conspicuous features in the global satellite record and has been a topic of ecological interest for over a century (see Banse 1992) . The appearance of elevated phytoplankton concentrations coinciding with springtime improvements in upper ocean growth conditions (light, temperature, stratification) led early on to the assumption that the vernal bloom was a consequence of increased phytoplankton growth rates. Sverdrup's Critical Depth Hypothesis subsequently provided a framework for understanding the environmental conditions necessary to initiate a bloom, and this hypothesis has served the ecological science community for over half a century. Today, satellite observations provide coverage of the North Atlantic bloom in a manner unimaginable in Sverdrup's time and, with these data, basic assumptions of the Critical Depth Hypothesis are found wanting. Results presented here demonstrate that bloom initiation occurs in the winter when mixed layer depths are maximum (Figs. 2, 4) , that the coupling between phytoplankton growth and losses increases rather than decreases during spring stratification (Fig.  4C) , that annual maxima in net population growth rates are as likely to occur in midwinter as in spring (Fig. 4A) , and that phytoplankton loss rates are not constant (as assumed by Sverdrup) , but proportional to, and perpetually coupled tightly with, phytoplankton growth rates. The current analysis also shows that the positive net growth phase in the North Atlantic begins prior to an increase in light and generally occurs while mixing depths are still increasing. With these findings it is necessary to abandon the notion that the bloom simply reflects an increase in phytoplankton division rate. Indeed, the satellite record indicates an overall inverse relationship between r and l (Fig. 4C) . That net growth rate can exhibit the opposite sign of cell division rate was earlier acknowledged, for example, by Riley (1946) , Margalef et al. (1957) , and Banse (2002) .
As a replacement for the Critical Depth Hypothesis, a Dilution-Recoupling Hypothesis is outlined here that focuses on the balance between phytoplankton growth and grazing, and seasonally varying physical processes influencing this balance. The central role of grazing on phytoplankton population dynamics has been recognized (yet often overlooked) since the mid-20th century (see discussion in Banse 1992:428-430) , but a complete understanding of the annual cycle in phytoplanktongrazer interactions has been hindered by infrequent sampling and a bias in field campaigns toward late stages of the bloom. Fortunately, satellite observations already provide the necessary measurement frequency to begin resolving temporal aspects of plankton dynamics in the seasonal seas. The Dilution-Recoupling Hypothesis described here adopts concepts from Evans and Parslow (1985) and distinguishes two primary impacts of MLD changes on the balance between l and l. In the ''dilution phase,'' mixed layer deepening lowers predator and prey concentrations and thus weakens the link between l and g by reducing encounter rates. In the ''recoupling phase,'' the tendency of planktonic ecosystems to balance l and l is favored. During this phase, g increases relative to l because the decoupling period of mixed layer deepening has ended. Importantly, mixed layer shoaling is not requisite for the bloom, but instead intensifies g by concentrating mobile predators into a shrinking volume, which is offset by concurrent increases in l (Reynolds 2006) . With or without stratification, springtime increases in PAR are critical to maintain l above a growing grazing pressure. At very high latitudes, spring increases in PAR are particularly important because they also mark the end of polar night and thus permit growth.
The broader applicability of the Dilution-Recoupling Hypothesis to other environments remains to be tested. However, the impact of mixed layer deepening on r through dilution of phytoplankton and grazers as described by Evans and Parslow (1985) was recently applied to studies on monsoon-driven blooms in the Arabian Sea by Marra and Barber (2005) . In this case, the authors adopt the Critical Depth Hypothesis, but argue that seasonal mixing is inadequate for light limitation of phytoplankton growth (Barber et al. 2001, Marra and Barber 2005) . Nitrogen is likewise dismissed as a limiting factor for l in the Arabian Sea. The appearance of elevated biomass following monsoondriven erosion of the mixed layer was therefore proposed to result from dilution effects on grazing (Marra and Barber 2005) , as per Evans and Parslow (1985) . J. Marra and T. S. Moore, II, unpublished manuscript, have since insightfully stated that ''monsoon-induced vertical mixing is more a factor in resource limitation for the micrograzers than the phytoplankton,'' but they also make a distinction that ''In the Arabian Sea, unlike the North Atlantic, . . . mixing never exceeds the critical depth.'' While this later statement is clearly challenged herein, the modeling work of Evans and Parslow (1985) , the Arabian Sea study of Marra and Barber (2005) , and the North Atlantic analysis of the current study are all converging, at a fundamental level, toward a consistent view of seasonal plankton dynamics dominated by physical disruption and ecological recoupling of phytoplankton-grazer interactions.
The primary motivation for this effort has been to invigorate discussion on seasonal phytoplankton blooms and, at the very least, give the reader some pause to accepting traditional interpretations. The DilutionRecoupling Hypothesis, at best, provides a basic framework regarding first-order properties of the North Atlantic bloom. Clearly, the current treatment fails to address many of the ecological complexities regarding North Atlantic plankton, including species successions, short-term variability in r (Fig. 4A) , and the basis for temporal stability in r from winter through spring (Fig.  2) . As work continues along these lines, a shift in focus is strongly recommended that emphasizes variability in r and seasonal changes in r as a fraction of l, rather than simply focusing on standing stock. This recommendation is intended to assist in understanding seasonal plankton dynamics, not to discount the significance of biomass accumulation. Indeed, higher trophic-level fertility of the North Atlantic is linked to the vernal period of the bloom, as is seasonal pCO 2 draw down associated with organic carbon export. Nevertheless, population changes preceding the vernal climax and imprinted in the record of r play a crucial role in setting the stage for the event. Resolving these processes will require a break from traditional late-bloom field studies, development of a balanced research program covering the full annual cycle, and the employment of new hightemporal-resolution technologies capable of prolonged deployment (e.g., Boss et al. 2008) . The significance of this revised philosophy was elegantly stated by Evans and Parslow (1985) : ''Observations that phytoplankton [are] abundant for a short period almost every spring . . . implies that the ecosystem not only produces a bloom in the spring but also recreates, over the fall and winter, the conditions necessary for a bloom. A spring bloom is not an isolated event, but one feature of a roughly repeating annual cycle.'' A correct understanding of plankton dynamics throughout the annual cycle and the mechanisms underlying this succession of events is particularly essential today for interpreting current observed trends and forecasting future change. For example, if one adopts the notion that a vernal bloom emerges from elevated phytoplankton growth rates (l) resulting from mixed layer shoaling above a critical depth, then increased stratification from climate warming may be anticipated to enhance North Atlantic blooms (or at least advance their timing to earlier spring). In contrast, the Dilution-Recoupling Hypothesis described here emphasizes the crucial role of mixing on the seasonal decoupling of l and g. According to this view, deep mixing is essential for bloom formation, with deeper mixing causing greater perturbations to predator-prey interactions than shallower mixing. Consistent with this notion, higher latitudes of the North Atlantic are found to have deeper winter mixing (Fig. 2) , a greater winter decoupling of l and l, higher winter-to-spring values of r (Appendix: Fig. A3, panel A) , and higher peak chlorophyll concentrations (Appendix: Fig. A3, panel  B) . Extending this Dilution-Recoupling Hypothesis to climate warming suggests that suppression of winter mixing may lead to reduced net phytoplankton growth rates and vernal biomass (i.e., an opposite conclusion from one based on the Critical Depth Hypothesis). Interestingly, the satellite record to date shows an inverse relationship between sea surface temperature changes and Chl sat at high latitudes ).
